To evaluate the change in phosphatase and tensin homology deleted on chromosome ten (PTEN) expression in liver fibrogenesis, particularly the reversal of fibrogenic liver tissues, and to investigate the relation with the proliferation and apoptosis of hepatic stellate cells (HSCs) in vivo, a rat model of hepatic fibrosis was established by hypodermic injection of carbon tetrachloride (CCl 4 ) mixed with olive oil at the concentration of 40% for 5 weeks (2 ml/kg, twice a week). Reversal of fibrosis was achieved with normal feedings for 4 weeks after CCl 4 injection for 5 weeks. The expression of PTEN was measured by immunofluorescence, western blot analysis and real-time PCR. Co-expression of α-smooth muscle actin (α-SMA) with PTEN and α-SMA with terminal deoxynucleotidyltransferase-mediated dUTP nick end labelling (TUNEL) were assessed by confocal laser scanning microscopy. The results displayed that the expression of PTEN was reduced with fibrosis in both rat liver tissues and activated HSCs. By contrast, PTEN expression was increased with the reversal of liver fibrosis. Compared to the fibrogenic state, there were increased numbers of apoptotic activated HSCs during reversal of fibrosis. These data suggest that the dynamic expression of PTEN in rat liver tissues is negatively correlated with liver fibrosis and activated HSCs and is positively correlated with reversal of fibrosis and apoptotic activated HSCs. Modulation of PTEN expression may be an effective and novel method for the treatment of liver fibrosis.
Introduction
Chronic liver inflammation represents a major driving force for progressive extracellular matrix (ECM) accumulation, leading to liver cirrhosis with resultant complications that include portal hypertension and hepatocellular carcinoma (1, 2) . The activation of hepatic stellate cells (HSCs) is one of the critical events involved in hepatic fibrosis (3) . Previously, the reduction and/or reversal of liver fibrosis were shown to be associated with apoptosis of activated HSCs (4, 5) .
Phosphatase and tensin homology deleted on chromosome ten (PTEN) is a tumor-suppressor gene with double phosphatase activities (6) . Recent studies have demonstrated that the expression of PTEN is decreased in the myofibroblasts of lung tissues in idiopathic pulmonary interstitial fibrosis. PTEN has been shown in vitro to negatively regulate the differentiation of myofibroblasts (7) . Additionally, we previously showed that the expression of PTEN is reduced in activated HSCs in fibrotic hepatic tissues in vivo (8) . Conversely, the upregulation of PTEN may induce apoptosis in activated HSCs in vitro (9) .
Carbon tetrachloride (CCl 4 ) is widely used to experimentally induce liver injury in rodents. Its prolonged administration leads to liver fibrosis, cirrhosis and hepatocellular carcinoma. Reversal of liver fibrosis occurs with CCl 4 discontinuation (10) . This model has been used extensively to examine the pathogenesis of cirrhosis.
In the current study, we exposed rats to CCl 4 and discovered that PTEN expression was reduced in activated HSCs during liver fibrogenesis. Upon withdrawal of CCl 4 , PTEN expression was increased in apopotic activated HSCs with the reversal of liver fibrosis. Our results suggest that PTEN may be an important therapeutic target for the management of liver fibrosis. A rat model of hepatic fibrosis was established by hypodermic injection of CCl 4 mixed with olive oil at the concentration of 40% (Huarui Scientific & Technological Co., Shijiazhuang, China) for 5 weeks (2 ml/kg, twice a week); the reversal model was established through 4 weeks of normal feedings based on hypodermic injection of 40% CCl 4 for 5 weeks (2 ml/kg, twice a week). One hundred and eight male Wistar rats were randomly divided into the following groups (n=6 in each group): model group (containing 1, 2, 3, 4 and 5 week groups), model control group, reversal group (containing Re 1, 2, 3 and 4 week groups), and the reversal control group. Rats were sacrificed at the indicated times and their livers were harvested for subsequent analysis.
Materials and methods

Animal
Histopathology. Liver specimens were fixed 12-24 h in 4% phosphate-buffered paraformaldehyde (Huarui Scientific & Technological Co.) and then embedded in paraffin for light microscopy examination. Tissue sections (4-µm thick) were stained with hematoxylin and eosin (H&E) for morphological evaluation and Masson trichrome (MT) for assessing the degree of fibrosis.
Immunof luorescent detection of PTEN and α-SM A.
Immunof luorescent studies were performed on 4-µm frozen sections. Briefly, the sections were fixed by 4% phosphate-buffered paraformaldehyde and washed with 0.1% Triton X-100 TBS (TBSTx). Five percent bovine serum albumin (BSA) TBSTx was used as a sealed liquid and then the specimens were incubated overnight at 4˚C with the primary antibody (either mouse anti-PTEN monoclonal antibody at a dilution of 1:100 or rabbit anti-α-SMA monoclonal antibody at a dilution of 1:200) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). After the sections were washed, the Cy3-labeled goat anti-mouse IgG secondary antibody or FITC-labeled goat anti-rabbit (1:400 dilution) (Beyotime Institute of Biotechnology, Shanghai, China) was added and the sections were incubated at 37˚C for 1 h. DAPI was used for nuclear staining. The negative control samples were processed under the same conditions, except that 5% BSA TBSTx was used in place of the primary antibody. The α-SMA and PTEN-positive expression levels were measured by a Motic Med 6.0 digital video image analysis system (Motic China Group Co., Ltd., Xiamen, China) and expressed as optical density values.
Immunofluorescence double labeling confocal laser scanning microscopy of PTEN and α-SMA. The primary antibodies used were mouse anti-PTEN monoclonal (1:100) and rabbit anti-α-SMA monoclonal (1:200) antibodies, and the secondary antibodies were avidin-Cy3-labeled goat anti-mouse and FITC-labeled goat anti-rabbit antibodies. Sections underwent the same washing, blocking and primary detection procedure as mentioned above. The co-expression of PTEN and α-SMA was observed using a confocal laser scanning microscope.
PTEN-positive expression appeared as red fluorescent foci, α-SMA-positive expression appeared as green fluorescent foci and the colocalization of the two markers appeared as yellow fluorescent foci.
Immunofluorescence double labeling confocal laser scanning microscopy of TUNEL and α-SMA. Immunofluorescent studies were performed on 4-µm frozen sections. The sections were fixed by 4% phosphate-buffered paraformaldehyde and washed with PBS. Five percent BSA TBSTx was used as a sealed liquid, and the specimens were then incubated overnight at 4˚C with the primary antibody mouse anti-α-SMA polyclonal (1:100 dilution). The Cy3-labeled goat anti-mouse IgG secondary antibody (1:400 dilution) and terminal deoxynucleotidyltransferase-mediated dUTP nick end labelling (TUNEL) liquid solution (TdT enzyme 2 µl + fluorescent marker liquid 48 µl for each section) (Beyotime Institute of Biotechnology) were added and the sections were incubated for 1 h. DAPI was used for nuclear staining. The negative control samples were processed under the same conditions, except that 5% BSA TBSTx was used in place of the primary antibody and TdT enzyme. The apoptotic cells appeared as green fluorescent foci by TUNEL kit and α-SMA-positive expression appeared as red fluorescent foci and colocalization of the two markers appeared as yellow fluorescent foci. The apoptotic index was calculated as the ratio of yellow cells to total green cells.
Western blot analysis. Primary antibodies used were mouse anti-PTEN monoclonal (1:200) and rabbit anti-GAPDH polyclonal (1:500) antibodies. Western blotting was performed as previously described (8) .
Real-time fluorescent quantitation PCR assay. The total RNA of hepatic tissue was extracted with the TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions. cDNA was generated by using 2 µg total RNA, 0.5 µl RNasin (50 U/µl), 1 µl random primers (500 µg/ml), 2 µl 10 mM dNTP, 4 µl 5X reverse transcription reaction buffer (Tris-HCl 250 mM, pH 8.3; KCl 375 mM; MgCl 2 15 mM) and 1 µl M-MLV reverse transcriptase (200 U/µl) and were mixed to a final volume of 20 µl with DEPC water (Kangwei Corporation, Beijing, China). First, the reaction mixture was incubated at 37˚C for 55 min, 94˚C for 5 min (to deactivate reverse transcriptase) and then frozen at -20˚C.
Primer Express 5.0 was used to design the following primers: PTEN forward primer, 5'-GGA AAG GAC GGA CTG GTG TA-3' and reverse primer, 5'-TGC CAC TGG TCT GTA ATC CA-3' (101 bp amplicon); GAPDH forward primer, 5'-GGC AAG TTC AAC GGC ACA G-3' and reverse primer, 5'-CGC CAG TAG ACT CCA CGA CAT-3' (122 bp amplicon). The primers were synthesized by Saibaisheng Gene Co., Ltd. (Beijing, China). Real-time fluorescent quantitative PCR was performed using 12.5 µl 2 UltraSYBR Mixture, 0.5 µl forward primer, 0.5 µl reverse primer and 2 µl cDNA template in a total volume of 25 µl. Reaction conditions were: 95˚C for 10 min, 1 cycle; 95˚C for 15 sec, 60˚C for 1 min, 35 cycles. An ABI Prism 7700 real-time fluorescent quantitative PCR thermal cycler (Applied Biosystems, Foster City, CA, USA) was used. The mRNA expression of the PTEN gene was normalized to GAPDH. Statistical treatment. Data are presented as the means ± SD and analyzed with SPSS 18.0 software. The statistical analyses that were performed included one-way ANOVA, the LSD test and Pearson's correlation analysis. P<0.05 was considered to indicate a statistically significant difference. 4 induced liver fibrosis. CCl 4 -induced hepatic injury in rats has been used as a model system to study liver fibrogenesis. The gross appearance of the liver became progressively turgescent, coarse and relatively bloodless over 5 weeks of CCl 4 administration (Fig. 1A) . In contrast, withdrawal of CCl 4 improved gross liver morphology (reduced surface coarseness and increased reddish color) over time (Fig. 1A) .
Results
Gross and histopathological characterization of CCl
Histologic examination of the CCl 4 -treated liver revealed swelling of the hepatocytes, fatty degeneration, necrosis and regeneration, particularly with continued CCl 4 administration (Fig. 1A) . After termination of CCl 4 treatment, the above histopathological changes returned to normal over time (Fig. 1A) .
To determine whether there was increased collagen deposition, MT staining was performed. Increased MT staining in the periportal region was discovered with CCl 4 administration from 1 to 5 weeks (Fig. 1A) . At the end of CCl 4 administration, the damaged hepatic cells gradually returned to normal and the degree of MT staining was reverted to the baseline level at Re 4 weeks (Fig. 1A) .
Activation profile of HSCs with liver fibrosis.
To assess the role of HSCs, the expression analysis of α-SMA was performed. On activation, HSCs undergo proliferation and differentiation, becoming myofibroblast-like α-smooth muscle actin (α-SMA)-positive cells that produce ECM proteins, particularly type I collagen (2). In the normal rat liver, α-SMA was occasionally detected in vascular smooth muscle cells and the expression level was low, revealing a limited activation of HSCs (Fig. 1B) . After CCl 4 administration, the α-SMA spread to the portal area, demonstrating an increased activation of HSCs. Compared with the control group (0.07±0.01), treatment with CCl 4 led to a significant and progressively increased expression of α-SMA from 1 to 5 weeks (0.51±0.02, 0.74±0.02, 1.29±0.02, 1.40±0.01, 1.65±0.02; P<0.01) (Fig. 1B) . CCl 4 withdrawal resulted in a significantly decreased α-SMA expression between Re 1, 2, 3 and 4 weeks (1.31±0.11, 1.14±0.03, 0.97±0.01, 0.55±0.11; P<0.05) (Fig. 1C) .
PTEN expression declines during liver fibrogenesis and increases during reversal of fibrosis.
In normal rat liver tissue recent reports demonstrate that there is an inverse correlation between PTEN and fibrogenesis in pulmonary fibrosis (7) . We then assessed the potential association between PTEN and liver fibrosis. In the normal rat liver tissue, PTEN protein existed in widespread areas ( Fig. 2A) . As the normal hepatic cells were damaged by the administration of CCl 4 , the PTEN expression decreased significantly from 1 to 5 weeks (2.23±0.02, 1.96±0.03, 1.61±0.02, 1.37±0.02, 0.98±0.01; P<0.01), compared with the control group (2.67±0.02) (Fig. 2A) . Withdrawal of CCl 4 led to the progressive increase in PTEN protein expression from Re 1 to 4 weeks (1.01±0.11, 1.46±0.09, 1.62±0.22, 1.99±0.30; P<0.01); however it remained less the normal level of the control group (2.31±0.12) (Fig. 2B) .
We next used western blot analysis and real-time (RT)-PCR to quantitate the expression change of PTEN. Compared to the control, the relative expression levels of PTEN/GAPDH in rat hepatic tissues were significantly lower at 1, 2, 3, 4 and 5 weeks. As CCl 4 was withdrawn, PTEN expression increased over time (Fig. 2C) . However, PTEN expression remained significantly lower compared to the control. Consistent with the changes in PTEN expression at the protein level, the relative expression levels of PTEN mRNA in rat liver tissues were significant lower at 1, 2, 3, 4 and 5 weeks in the model group compared to the control group (Fig. 2C) . Withdrawing CCl 4 led to a gradual increase in PTEN expression over time (Fig. 2C) . Collectively, we demonstrate that PTEN expression declines during liver fibrogenesis and increases during reversal of fibrosis.
PTEN expression in activated HSCs.
The potential role of PTEN in HSCs during liver fibrogenesis and reversal was investigated. We used α-SMA as a marker of HSC activation and measured the co-localization with PTEN. Administration of CCl 4 led to reduced immunofluorescent staining of PTEN in activated HSCs from 1 to 5 weeks (Fig. 3A) . During reversal of fibrosis, the percentage of activated HSCs expressing PTEN increased (Fig. 3B and C) .
Since the number of activated HSCs was dynamic during fibrogenesis and its reversal, we assessed whether apoptosis was one of the mechanisms required to regulate the number of activated HSCs. TUNEL staining demonstrated that the percentage of apoptotic activated HSCs to total activated HSCs decreased from 1 to 5 weeks with the administration of CCl 4 (Fig. 4A) . By contrast, the reduced number of activated HSCs was correlated with the increased apoptotic activity during withdrawal of CCl 4 (Fig. 4B) .
Correlation analysis.
Pearson's correlation analysis discovered a significant negative correlation between PTEN and α-SMA expression (r=-0.979, P<0.05). Significant positive correlations were observed between PTEN expression to PTEN-positive activated HSCs (r= 0.962, P<0.05) and PTEN expression and the apoptotic index of activated HSCs (r= 0.991, P<0.05). Collectively, our data demonstrate that PTEN is negatively correlated with the activation of HSCs and positively correlated with the apoptosis of activated HSCs.
Discussion
In addition to its role in cell proliferation and tumor biology (11) (12) (13) (14) , recent studies have unveiled a novel role of PTEN in fibrosis including diffuse systemic sclerosis (15) and idiopathic pulmonary interstitial fibrosis (16) . Additionally, recent studies have shown that PTEN had a negative relation with the activation and proliferation of HSCs in fibrotic hepatic tissues induced by bile duct ligation (BDL) (8) . The upregulation of PTEN was found to inhibit the activation and proliferation in HSCs of fresh isolated rats (17, 18) and induce apoptosis of activated HSCs in vitro (9) . We used the CCl 4 hepatic fibrosis model to further investigate the potential role of PTEN in fibrogenesis.
Using immunofluorescent staining, PTEN protein is present mostly in cytolymph with occasional expression in the nucleus. The expression of PTEN is dynamic during fibrogenesis and reversal of fibrosis. Consistent with previous results (8,9), we revealed that PTEN expression was reduced in activated HSCs during fibrogenesis and increased in activated HSCs during reversal of fibrosis.
HSCs are typically found in the space of Disse in a quiescent state (19) . HSCs may be activated to myofibroblasts expressing α-SMA by several stimuli such as cytokines and inflammatory mediators (20, 21) . Activated HSCs migrate to and proliferate in sites of liver injury (20, 21) , synthesize ECM components and upregulate the expression levels of α-SMA and collagen matrices (22) . Hence, α-SMA is a marker of HSC activation and proliferation. We demonstrated that in normal rat liver, α-SMA was occasionally detected in vascular smooth muscle cells and the expression level was low, revealing limited activation of HSCs. After CCl 4 administration, the α-SMA spread to the portal area, demonstrating an increased activation of HSCs. During reversal of fibrosis, the number of activated HSCs declined via apoptosis. Together, our results further implicate that PTEN may participate in the pathogenesis of hepatic fibrosis by affecting the activation state and apoptosis of HSCs. We propose that PTEN may inhibit the activation and proliferation of HSCs whereas its downregulation promotes the activation and proliferation of HSCs, leading to fibrogenesis It has been reported that PTEN may regulate the activity of fibroblasts (23) ; low expression of PTEN may promote the differentiation of myofibroblasts and enhance the morbidity of pulmonary interstitial fibrosis (7) . High expression of PTEN may inhibit the proliferation and migration of hepatocarcinoma cells (24) and induce apoptosis (25) . Our previous study also revealed that the upregulation of PTEN expression induced apoptosis of activated HSCs in vitro (9) . In this study, we demonstrated that during reversal of fibrosis, elimination of activated HSCs by apoptosis occurred. It has been previously shown that aspergillin, sulfasalazine and anti-TIMP1 antibodies promoted the reversal of liver fibrosis by inducing the apoptosis of activated HSCs (26) . Since PTEN expression is positively correlated with the apoptosis of activated HSCs, one of the potential molecular mechanism for reversal of fibrosis is possibly through apoptotic elimination of activated HSCs through PTEN expression.
In conclusion, our data demonstrated that the dynamic expression of PTEN in rat liver tissues had a significant negative correlation with the activation and proliferation of HSCs and had a significant positive correlation with the apoptosis of activated HSCs in vivo. The association of PTEN expression with HSC activation and apoptosis implicates its role in liver fibrosis and its reversal. Accumulating evidence from our current study and previously published data suggest that PTEN is a novel and relevant target for the treatment of liver fibrosis.
